Accurate ab initio full-dimensional dipole moment surfaces of ethylene are computed at 82 542 nuclear configurations using coupled-cluster approach and its 
Introduction
Radiative properties of hydrocarbons, including the ethylene (ethene) C 2 H 4 molecule, are of major importance in various domains of science particularly for remote gas sensing applications [1] . In the Earth atmosphere ethylene is a natural gas pollutant [2, 3, 4] produced by various sources as forest fires, 5 volcanic eruptions, combustion processes and also by anthropogenic emissions due to motor vehicle exhaust. It is involved in bio-chemical processes acting as a hormone in plant biology regulating growth and development and is used for fruit ripening control [5] .
Together with other simple hydrocarbons ethylene is one of key molecules 10 for various astrophysical applications [6, 7] . They dominate the opacity of some brown dwarfs and asymptotic-giant-branch (AGB) stars and are considered among "standard" building blocks for carbon-rich atmospheres of many exoplanets [7] . Spectral signatures of ethylene have been observed in the outer planets Jupiter, Saturn, Neptune, and satellites [6] . 15 Accurate knowledge of line and band intensities as well as of their temperature dependence is essential for reliable remote sensing diagnostics. Rotationally resolved ethylene spectra are known to be quite complex due to irregular couplings of twelve vibrational modes. Their analyzes represent difficult tasks because of accidental resonance perturbations in congested patterns of overlapping 20 bands including hot ones. For this reason the ethylene line-by-line information in available spectroscopic databases [8, 9] is far from being complete.
Ab initio theoretical studies of triatomics and small polyatomic molecules of planetological and astrophysical interest such as ammonia NH 3 , phosphine PH 3 , methane CH 4 grew up during last decades along with the improvement of ab 25 initio surfaces and computational codes solving the rovibrational Schrödinger equation (see for example Refs. 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 and references therein) . This has helped resolving many issues related to spectra analyzes at high energy ranges [20, 21, 14, 22, 23] (the list being not exhaustive). Quantitatively accurate ab initio rovibrational spectra of five-atomic 30 
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hydrocarbon isotopologues have been recently reported [16, 24, 25] together with detailed comparison against experimental data. Examples of global hightemperature methane spectra predictions for astrophysical applications can be found in Refs. 26, 27 . Concerning the ethylene molecule, data assignments and analyzes present in databases remain much more sparse, although many recent 35 studies [28, 29, 30, 31, 32, 33] tend to extend the informations. For these reasons it is a perfect candidate to take the next step in accurate ab initio spectra calculations.
Accurate dipole moment surfaces (DMS) are mandatory for first principles intensity predictions [10, 11, 14, 34, 15, 35, 16, 19 ]. This requires high-level 40 electronic structure calculations on an extended grid of points, an appropriate modeling of full-dimensional surfaces and converged nuclear motion variational calculations. These tasks become very demanding with increasing number of vibrational degrees of freedom and represent a considerable challenge for the theory in case of rotationally resolved spectra of six-atomics. This may explain 45 a lack of related studies for the ethylene molecule at the theoretical level similar to that of three-to-five atomic molecules. Despite of promising accuracy of ab initio calculations for ethylene energy levels [36, 37, 38] and line intensities [34] , there exist very limited public available information on the ethylene DMSs.
This works aims at filling this gap. We provide analytical symmetry-adapted 50 representation of full 12-dimensional (12D) ethylene DMSs computed at large extent of nuclear configurations (82 542 points) using the coupled-cluster approach CCSD(T) and its explicitly correlated counterpart CCSD(T)-F12 combined with cc-pVQZ and cc-pVTZ-F12 basis sets. The comparison with experimental spectra suggests that the corresponding first principle intensity calcula-55 tions are currently the most accurate ones. This Letter is structured as follows. Section 2 describes computational approach to the construction of ab initio DMSs together with a brief review of the previous works. Sections 3 and 4 are devoted to the variational method of intensity calculations in the normal mode representation and to the comparison 60 of intensities in the 0-3200 cm −1 range with recent calculations, experimental spectra and databases. The summary and conclusions are given in Section 5.
Electronic structure calculations
Force field constants of C 2 H 4 have been calculated by Martin et al.
[36] at a CCSD(T)/cc-pVTZ level. Avila and Carrington [37] have modified this field 65 using Morse representation of the potential energy surface (PES) and computed vibrational energies of up to 4200 cm −1 . In our previous work the ethylene PES [38] have been computed on the grid of 82 542 nuclear configurations.
The analytical PES modeling using sixth order expansion in curvilinear symmetry adapted coordinates involving about 2650 parameters [38] have permitted 70 a considerable improvement of rovibrational energy predictions for several isotopologues.
Carter, Sharma and Bowman [34] computed ethylene DMS at the MP2/ccpVTZ level of the theory over 22 219 nuclear configurations and reported line intensities in the range below 3200 cm −1 . To our knowledge these were the only 75 ab initio intensities reported for ethylene. Although their study was encouraging with a good agreement for the fundamental bands [34] giving a typical accuracy of ∼10-20% , the corresponding DMSs have not been published.
In this work we compute new DMSs with larger electronic basis set at extended grid of points. For this purpose, we applied coupled cluster approach 80 including single and double excitations [39] with the perturbative treatment of triple excitations, usually denoted as CCSD(T) method [40] that has proven its efficiency for high-resolution spectroscopy applications in recent years (see 18, 19 and references therein).
Calculations were carried out using well established Dunning's correlation Most of the calculations were done using the regional "Romeo" multiprocessor computer (Reims), "IDRIS" computer center of CNRS in Orsay and "JADE"
cluster at CINES computer center in Montpellier. As a first step for the DMS construction, the dipole moment values in the electronic ground state were cal-105 culated with cc-pVQZ basis set on a grid of the 82 542 nuclear configurations described in Ref. 38 . The distribution of the density of the DMS geometrical configurations which corresponds to the same grid choice as for our PES has been given in Fig. 1 pointed out in previous works, these parameters are of primary importance for accurate description of rotational spectra, and were fixed to the same value for all calculations involving different basis sets.
120
The DMS components µ α in the molecular fixed Eckart frame were repre-5 sented as power series of normal modes coordinates q i
where k ∈ {1, 2, · · · 12} and
and n is a string of low case indices in Eq. (2).
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The shape of normal modes and the relation of rectilinear normal coordinate with Cartesian ones were defined on the PES [38] computed at the same level of the theory. The techniques of related transformations have been described in the previous work [16] (and references therein). We fitted K n parameters of the DMS expansion (1) to our ab initio dipole moment values using the weight 130 function that depends on energy E/hc expressed in cm
where a = 0.0005 cm, b = 1.002002002 and E 0 = 9000 cm −1 . With this weighting function, which has been originally employed by Schwenke and Partridge in Ref. 44 for the fit of methane PES, the weight of ab initio points decrease for electronic energies above the E 0 value.
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In total 254 + 254 + 194 parameters up to fourth order were statistically well determined in this fit on the entire grid of all 3 × 82542 ab initio points.
The details of the fit as well as the number of parameters involved in the fit of each component µ α are given in Table 1 . Note that the number of ab initio geometries was considerably larger than the number of fitted DMS parameters.
140 Figure 1 shows the VQZ DMS error distribution of the final fit. The fit errors (defined as ab initio dipole moment value minus the value of the analytical DMS representation) are quite small up to energies ∼ 9 000 cm −1 . A larger scatter of points above this range occurs because the weighting function (3) quickly de-emphasizes energies above this threshold [44] . In order to further improve 145 the fit, it would be necessary to include some higher order terms in the DMS expansion (1). We plan to do this in a future work, but the fourth order should be sufficient to check the accuracy of the ab initio surfaces for the fundamental and low overtone and combination bands. 
First principles variational intensity calculations: computational procedure
In order to check the accuracy of obtained DMSs we used these surfaces for 155 rovibrational line intensities in the infrared. Rovibrational energies and wavefunctions were determined using our recent ethylene PES reported in Ref. 38, which is referred to as DNRST PES hereafter. As described in details in our previous works [16, 38, 19] , the rovibrational model used in our homemade Tensor code is based on the complete normal-mode nuclear Hamiltonian in Eckart frame 160 [45] . Besides providing all necessary transformations for a systematic symmetry- 
Comparisons of ab initio intensities with empirical values and with spectroscopic databases
An example of the comparison of predicted spectra using DNRST PES [38] and our ab initio DMSs with empirically based HITRAN line list of and with the results of recent analyzes [33] of high-resolution experimental spectra in three ranges. [33] in 600 -1100 cm −1 region. In all calculations the DNRST PES [38] was used for line positions and vibration-rotation basis functions. It is clearly seen that HITRAN intensities were underestimated by about 30% with respect to new experimental analyzes and to our ab initio results.
brations whereas Fig. 4 corresponds to the range of higher frequency stretching fundamentals and some combination bands. On these scales both VQZ and VTZ-F12 DMSs give very similar band shapes.
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Due to better accuracy of our PES [38] and to the technique of VSS band center Table 2 summarizes integrated intensities for six fundamental C 2 H 4 bands for which the results of line-by-line high-resolutions spectra analyzes have been included in HITRAN database [8] . Integrated intensity in a range R is the sum For the total absorbance by six fundamentals accounting for 13 663 assigned rovibrational transitions (last line in Table 2 ) the difference with empirical data 245 drops down to about 1%.
Second type of tests concerns interval-by-interval comparison of integrated
intensities with low-resolution measurements (Table 3) . Lebron and Tan [46] have reported Fourier transform experimental determination of the absorbance area in ethylene infrared spectra at a resolution of 0.5 cm −1 with various gas 250 pressures. They have distinguished five spectral intervals given in Table 3 where the ethylene infrared opacity was the most significant.
The advantage of such comparison is that this implicitly involves contributions from line of all bands in the considered range including weak overtone, combination and hot bands which are not yet analyzed in high-resolution ex- periments. Also, this permits getting round very tedious line-by-line analyzes of rotationally resolved spectra and in a sense compensate incompleteness of HITRAN-like databases. For the comparison of Table 3 we have included between 2 and 10 times more theoretical lines than those presently available in HITRAN depending on the range. This gives an idea of a lack of information 260 for ethylene data in existing databases. A shortcoming of the low resolution method is that it is locally less accurate and that contributions of impurities could hardly be totally excluded.
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Bearing in mind above considerations, the agreement of our ab initio results with low-resolution Lebron and Tan measurements is also very good, particu- 
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Finally we compared our intensities with previous ab initio results [34] .
Carter et al. [34] have published large 15-20 cm −1 in positions and up to factor 2-3 in intensities. In Table 4 we summarize these results by adding intensities of lines belonging to the same bands.
This gives a sort of smoothing effect for outliers due to weaker lines. transitions the deviations of Carter et al. [34] from empirical data are in the range from 7% to 25% that can be considered as a good match for the first ab initio results. With our DMS the discrepancies for the same sample of data fall down to the range 0.4%-3% (Table 4) .
Discussion and summary

285
After the pioneering work of Carter et al. [34] , this study presents further improvement in theoretical predictions of ethylene intensities in the infrared.
Few percent of Emp.-Calc. in Tables 2, 3 Also, the improved accuracy permitted resolving some controversial issues in qualitative intensity behavior. The first one concerns the intensity repartition between P and R branches depending on the band type. The P/R ratio for the strongest lines was not the same for certain bands in HITRAN and in the previous ab initio calculations [34] . For example, for the ν 11 band the 300 theoretical predictions of Ref. 34 gave weaker P-branch (P/R<1) in agreement 16 with HITRAN, whereas the opposite results occurred for the ν 12 band: (P/R<1) in HITRAN and (P/R>1) in ab initio calculations [34] . In the present study the P/R ratios are in agreement with experimental data for all investigated bands.
For example in the ν 12 band we have the intensity ratio for the strongest lines experimental spectra analysis [33] in this range confirms our conclusion as seen in Figure 4 . Note that in our calculation the position error is below 0.001 cm
for the first ν 10 line and below 0.01 cm −1 for the second ν 7 line.
335
In higher energy ranges a correct description of "unstable lines" is a major challenge in computational spectroscopy both for first principle calculations and for assignment of crowded experimental spectra using effective polyad models [28, 30, 29, 31, 32] . In the first case small errors of few wavenumbers in energy levels would false the effects of "resonance intensity borrowing". On 340 the other hand it is well known that the second types of methods suffer from ambiguity [47, 48, 49] of an empirical determination of the resonance coupling parameters responsible for these effects. One of possible solutions would be applying a mixed "ab initio → polyad model" approach, that permits characterizing various resonance couplings using ab initio information as was recently 345 discussed for methane spectra [22] .
This Letter was focused essentially on accurate DMS calculations and on the analytical surface model parametrization. More detailed comparisons with recent experimental data [31, 33] are planned in future works together with the study of nuclear basis convergence effects. Extended nuclear motion calculations 350 using independent theoretical methods would help to produce accurate and sufficiently complete theoretical line lists in large infrared range for assignments and analyzes of experimental spectra.
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